Controlled respiration in neurosurgery was first mentioned by Furness (1957) and its use in this country was pioneered by Mortimer (1957 Mortimer ( , 1959 and by Galloon (1959) . For some years I was not convinced of its value. First, the majority of British angsthetists until recently employed semi-closed nitrous oxide and oxygen with a trichlorethylene supplement for neurosurgical procedures. It was my clinical impression that this was unsatisfactory in two respects: (1) Woringer and others (1951) believed trichlorethylene, though not nitrous oxide, to be without action on the cerebrospinal fluid pressure, but I had repeatedly seen a steady rise in intraventricular pressure on adding trichlorethylene to a nitrous oxide and oxygen mixture.
(2) Though carbon dioxide elimination was probably less effective with a T-piece (Mapleson, 1954; Woolmer, 1954) and the back pressure opposed to gas flows by an ordinary Heidbrink expiratory valve was very small (Mapleson and Mushin, 1954; Hunter, 1960a) , I, and many neurosurgical anwsthetists with me, felt that the semiclosed technique resulted in a somewhat higher intracranial pressure than methods not using an expiratory valve. (Indeed I had already developed a technique of anesthesia for intracranial operations in which minimal brain bulk was a prerequisite. In it straining was eliminated by the use of non-volatile supplements to nitrous oxide and oxygen and by topical anwesthesia of the tracheal mucous membrane and an open or T-piece system replaced the semi-closed circuit (Hunter, 1954 (Hunter, , 1958a .) When controlled respiration was first described for neurosurgery it seemed as if all that it had to offer was an escape from the unsatisfactory volatile supplements to nitrous oxide and perhaps the replacement of the ordinary semi-closed technique of spontaneous breathing by a method which might perhaps be an improvement. It certainly seemed as if controlled respiration should be of value in patients who tended to strain on an endotracheal tube, but it was likely that inflation pressures, already known to be transmitted to the mediastinal esophagus (Hunter, 1959) , would also MAY reach the great veins. These pressures would, it was thought, be reflected in corresponding surges in the intracranial pressure. It was therefore doubtful what the overall advantage would be. I first used controlled respiration during the removal of a prolapsed intervertebral disc and noted that the unopened theca filled and collapsed with each stroke of the respiratory pump. The technique was next applied tentatively for a patient who developed intractable straining on an endotracheal tube during trigeminal root section. The result was an immediate collapse of the tense brain and the operation, which at one stage seemed as if it might need to be abandoned, was completed without difficulty. This observation was confirmed on ten subsequent occasions. It is, however, interesting that where volatile supplements had been used by members of the junior staff in an endeavour to control straining, and curarization employed only as a last resort, the same immediate response was not obtained. The resulting fall in intracranial pressure was gradual and required thirty to forty-five minutes to reach its maximum. There was therefore some ground for supposing that the removal of the need for volatile supplements to nitrous oxide was one of the reasons why curarization and controlled respiration were so satisfactory.
Since this technique had proved invaluable for dealing with the patient who was straining vigorously under anesthesia it was then used in cases where only a minor degree of expiratory contraction of the abdominal muscles was occurring. Again it improved operating conditions. Finally 6 patients, in whom there was no overt straining, were curarized and ventilated artificially just before or after the dura had been opened. In each the result was a visible decrease in brain bulk. Two further patients were similarly treated while a manometer was attached to a cannula placed in the lateral ventricle. On each occasion there was a definite and immediate fall in C.S.F. pressure (Fig. 1 ). This suggested that curarization and controlled respiration might produce a subnormal intracranial pressure.
It is not possible to prove this point but it is perhaps of significance that when patients in coma with cerebral compression and papilloedema have been anrsthetized by this technique the intracranial tension has often been normal at craniotomy. Many believe that there is a close relationship between intracranial and intraocular tension, and curarizing drugs are often used to lower the intraocular pressure in ophthalmic surgery.
An attempt was next made to discover how curarization and controlled respiration exerted its beneficial effects. It seemed most likely that the primary action was on brain bulk: the other possibility, that it decreased the rate of formation, or accelerated the rate of absorption of cerebrospinal fluid, could probably be excluded because of the speed with which the changes occurred.
The brain bulk is under the control of two factors which can operate independently of one another. These are the intracranial venous pressure and the degree of vasodilatation of the cerebral vessels. The latter was studied by Woolf and Lennox (1930) and has attracted attention at intervals since, especially after Kety and Schmidt (1945) showed how it could be directly measured in human subjects as the cerebral blood flow. It is, therefore, not surprising that neurosurgical antsthetists have tended to think primarily of the effects of their techniques on the cerebral vessels.
The factor which most adversely affects brain bulk during neurosurgical anesthesia is excess carbon dioxide in the blood. This was shown by Kety and Schmidt (1948) to have a powerful cerebral vasodilator action. Volatile anaesthetic drugs including halothane (Hunter, 1958b ) also increase brain bulk. They too are known to have vasodilator properties and with diethyl ether this has been proved by direct measurement of the vessels (Finesinger and Cobb, 1935) .
Since alterations in cerebral blood flow had in the past provided an adequate explanation of what happens during neurosurgical anesthesia it seemed likely that the good results of controlled respiration could be similarly explained. As Kety and Schmidt (1946) had shown that hyperventilation reduced the cerebral blood flow, it seemed that this phenomenon should be investigated in neurosurgical cases.
Hyperventilation.-The Blease apparatus which was used for these cases was set working into a dummy lung whose expansion could be measured and it was found that the tidal volume scale was accurate, within a maximum error of 70 ml. Next, the minute volumes of twenty patients were determined by a simple method involving the use of a one-way valve to convert the Magill attachment into an "on demand" source of supply (Hunter, 1960b) . The tidal volumes obtained were placed alongside those for the appropriate respiratory rate on the Radford nomogram (Radford et al., 1954) . Comparable figures were obtained for the period of controlled respiration from the pump rate and the tidal volume scale on the apparatus and these too were compared with the figures from the nomogram (Table I) , showing that the pump was producing a respiratory exchange roughly double that of spontaneous breathing. This represented a degree of hyperventilation similar to that produced in Kety and Schmidt's (1948) experimental study, but depended to some extent on figures taken from a Radford nomogram which is not entirely acceptable (Nunn, 1960) . Further, Campbell et al. (1958) and other workers (Howell and Peckett, 1957; Butler and Smith, 1957) have suggested that uneven ventilation may occur during controlled respiration in certain circumstances. It therefore seemed desirable to investigate this matter further by direct measurements of the blood carbon dioxide tension. As arterial puncture is difficult in the cramped quarters available to the anesthetist during neurosurgical operations, only venous blood taken from the cephalic vein at the wrist or from a vein in the back of the hand could be obtained. Error was reduced as far as possible by selecting patients whose veins could 366 20 z I be readily punctured with minimal stasis and whose hand temperatures had not altered much during the period of investigation. Specimens were withdrawn just before controlled respiration was begun and again after some forty to seventyfive minutes. The pH was determined on a Cambridge meter and the carbon dioxide combining power by the volumetric method of Van Slyke and Cullen (1917) . Heparin was used as anticoagulant. The pCOg was obtained from the nomogram of Maclean (Davenport, 1958) . It is appreciated that this is not an accurate method but as both specimens received identical treatment, changes in pCO2 ought to be reflected though the absolute values may not be true. The relevant figures in Table II show that no con-affects the venous return from the skull. It is not difficult to appreciate how curarization could stop straining and thus facilitate the drainage of blood from the brain. Indeed such a mechanism was suggested during the early trial cases by the immediate fall in intracranial pressure. In addition good operating conditions could be lost in patients who tended to "fight the pump" long before there was any major loss of tidal volume. Further,)where the relaxant was given to patients with a cannula in the lateral ventricle the fail in intracranial pressure occurred before artificial respiration was begun ( Fig. 1 ). It therefore seems as if the lowered intracranial pressure in this technique is to be related primarily to the administration of the relaxant and thus to the Kety and Schmidt (1946) . It would therefore seem that the apparent hyperventilation in these patients was not accompanied by acapnia, especially as it took relatively little carbon dioxide to restart spontaneous breathing at the end of operation. Thus it seemed that though controlled respiration might ensure the normal elimination of carbon dioxide, cerebral vasoconstriction consequent on hyperventilation might not be the main explanation of the low intracranial pressure in these patients.
The intracranial venous pressure.-In addition to the rather insecure negative evidence set out in the last paragraph, there is at least one positive indication that the other factor determining brain bulk, namely the intracranial venous pressure, may be altered by controlled respiration. Since Brennan (1938) drew attention to the importance of minor'degrees of straining, even in patients who were apparently breathing with a normal tidal volume, anaesthetists have been aware of the existence of this complication and its tendency to raise intracranial pressure. Though direct evidence on this point is lacking it has been accepted, mainly as a result of direct observation of the cerebral vessels at operation, that straining abolition of straining which might raise the intracranial venous pressure.
It is, however, also necessary to explain other clinical observations. The high inflation pressures required to produce a reasonable tidal volume in patients with a poor lung compliance were quite compatible with good operating conditions. Once the brain was exposed there was rarely much movement of it in time with the pump. Starting artificial ventilation did not cause a reversal of the decline in pressure produced by the relaxant (Fig. 1 ). Increasing the peak inflation pressure was not associated with a major rise in intracranial tension as measured by a cannula in the ventricle nor did varying the negative phase have much effect. Where, however, the airway pressure was not allowed to fall below +5 cm of water in expiration there was an immediate and commensurate rise in the pressure in the ventricle (Fig. 2) .
The following is offered as a tentative explanation of these rather unexpected findings. The venous return from the head is carried for the most part by the internal jugular vein down the neck to the thorax. This vessel has no rigid support for its walls apart from the rather incomplete carotid sheath. The pressure of the atmosphere, therefore, has free access to the vein 22 normally balances the jugular return. During straining the intra-abdominal pressure rises and blood is driven more forcibly up the vena cava so that the jugular venous return, which has only atmospheric pressure behind it, is at a disadvantage and the veins of the head and neck become congested. In the patient breathing quietly, the effect of total paralysis of the abdominal muscles and diaphragm is a fall in the intra-abdominal pressure to atmospheric levels. The result is a reduction in the force driving blood up the vena cava and a freer return from the head and neck via the jugular veins. These vessels are therefore collapsed for a longer period of the respiratory cycle and the intracranial venous pressure is correspondingly reduced.
This conception of the jugular veins as a reservoir of blood at near atmospheric pressure, explains why the positively swinging inflation pressure will largely be dissipated in filling up the reservoir, and cannot alter intracranial pressure until the reservoir is fully distended. and it responds to pressure applied to it from the thorax, not by alterations in the pressure within but by collapsing during inspiration and filling up during expiration. (The atmospheric level of venous pressure in the jugular is visible externally as the venous pulse of Mackenzie (1902) and this moves in and out of the root of the neck with posture and respiration.) The skull on the other hand is a rigid cavity and does not collapse when the pressure inside it is negative. Therefore as long as the mean pressure in the jugular is atmospheric, the pressure in the cerebral veins is determined by the vertical height of the brain above the jugular, not necessarily by the height above the heart. (Anmsthetists regularly make use of this when they sit patients up to reduce the intracranial pressure.)
The mean jugular pressure, however, will be atmospheric only when the outflow from the lower end of the vessel is sufficiently free to allow it to remain collapsed during most of the respiratory and cardiac cycle. The outflow from the jugular is determined by two factors-one static and the other kinetic. The static factor is the mean negative endothoracic pressure which, except during the grossest straining, remains constantly negative. The kinetic factor of the venous return from the lower half of the body is, however, subject to much greater variation. It is normally determined by the mean pressure in the abdomen which is always positive as a result of tonic activity of the parietal muscles, becoming greater with each diaphragmatic inspiratory contraction. During quiet breathing this flow Practical considerations.-I have now used controlled respiration for anesthesia in 134 intracranial operations. My views about its usefulness are reflected in the analysis of 100 recent cases shown in Table III of choice in supratentorial operations and all but 4 out of 62 were so anmsthetized. Those having posterior fossa operations were, with a single exception, not paralysed and ventilated artificially for two reasons. First, some surgeons prefer to have warning of encroachment on the vital centres given by alterations in breathing. Second, nearly all our posterior fossa operations are performed in the sitting position and the fail in venous pressure in the neck which accompanies the total abolition of abdominal tone in this position adds to the already considerable risk of air embolism. (Though no explanation can be offered, the risk of air embolism in the sitting position for the trigeminal root operation is less under any circumstances. For this operation, curarization and controlled respiration have been safely employed when the patient was difficult to control by other methods.)
Children L ov artificially mainly because almost all of them have had posterior fossa tumours. In addition, it has until recently been difficult to obtain suitable cuffed tubes of smaller sizes. Though it is a vast improvement on other methods of neurosurgical anasthesia, curarization and controlled respiration brings with it a host of new dangers and problems: thus minor leaks at the jam-fit joints of the apparatus may lead to underventilation, carbon dioxide accumulation and increase in brain bulk. The weight of the heavy double hose of a Blease apparatus or similar respirator will cause kinking of the ordinary red rubber cuffed endotracheal tube. The accompanying respiratory movement of the larnyx will cause some armoured cuffed tubes to damage the mucous membrane if they fit tightly and are in situ for a few hours. The slightest attempt on the part of the patient to "fight the pump" will cause an immediate rise in intracranial pressure and, with induced hypotension, disappearance of the radial pulse. It is therefore necessary to have good topical anesthesia of the trachea and give suitable cough depressants for premedication.
Summary.-Controlled respiration affords better conditions for the operator in neurosurgical procedures where reduction of the brain bulk to a minimurm is an overriding consideration. These are brought about primarily by the fact that curarizing drugs abolish abdominal mnuscular activity so that the balance of the venous return to the heart is upset in favour of that from the cranial side. Like every other anmsthetic technique, curarization and controlled respiration has its limitations and problems and will only give good results when these are appreciated.
Meticulous attention to detail is essential.
The role of controlled respiration in neurosurgery can be considered under the headings of:
(1) The general principles of the method, (2) the suitability of the patient for the method, (3) the requirements of the surgeon, (4) the ability of the anxesthetist.
Increased intracranial pressure at operation may result from the anesthetic technique, the pathological lesion, or both. Anesthetic techniques which result in "straining" with consequent increase in venous pressure will produce an elevated intracranial pressure; avoidance of such methods, together with meticulous attention to local analgesia of the trachea in order to abolish "straining", is more generally correct than deliberately induced apnoea and controlled respiration.
Where pathological space-occupying lesions are responsible for increased intracranial pressure the most logical approach is to employ dehydration with Urevert (30% urea in invert sugar) to reduce brain bulk rather than to rely upon emptying the cerebral veins by controlled respiration methods.
Since it is accepted that the bed-rested patient has impaired vasomotor control and since many neurosurgical patients fall into this category, controlled respiration should be avoided as the hypocarbia so produced may result in vasomotor instability.
Althc ugh the method may improve operating conditi(ns once the dura is opened, the scalp reflection is often difficult because of increased bleeding, and the use of hypotensive agents is made mnore hazardous when controlled respiration is used.
The method depends upon striking a balance between increasing the venous pressure during inflation and artificially decreasing it during expiration. Thus a very accurate balance must be maintained. The method is exacting and, in the hands of the inexperienced, produces poor operating conditions. Generally speaking, the method of reducing intracranial pressure by the use of controlled breathing techniques is best avoided and reliance placed upon meticulous attention to anesthetic detail-especially posture and tracheal analgesia -together with the use of Urevert by intravenous infusion if pressure is abnormally high or if much brain rc traction is intended.
Dr. R. I. W. Ballantine (London) was surprised that Dr. Hunter placed so much emphasis on "straining" during neurosurgical anmesthesia with spontaneous respiration, an4 asked what method of anaesthesia Dr. Hunter had used prior to his conversion to controlled respiration.
Dr. Ballantine asked if this "straining" was clinically apparent, for in his experience using spontaneous respiration with thiopentone, nitrous oxide, oxygen and halothane with 5 ml of lignocaine sprayed into the trachea, straining was rare, and operating conditions good. If the intracranial pressure was high, then urea could be given intravenously.
Dr. Ballantine agreed with Dr. Inglis that much depended on the neurosurgeon with whom one worked. He believed that there were many surgeons, and anmsthetists, who still relied on the pattern of respiration for information about the effect of surgical stimulation and intracranial pressure on the vital centres.
Dr. S. Galloon (Cardiff) said that the results of 130 intracranial operations in which controlled respiration was used had been recently analysed in Cardiff with the help of the Department of Statistics of the Welsh National School of Medicine. These results were matched statistically with those of a similar number of patients operated on while breathing spontaneously. The two groups showed no statistically significant differences in the ntmber of complications during and following operation, or in mortality. Certain trends were, however, evident; for example, there were more cases with tachycardia, cardiac arrhythmias and severe hypotension during the operation in the group which breathed spontaneously.
The mechanism of the undoubtedly improved operating conditions had not yet been fully elucidated. Dr. Hunter had indicated that it was because of its effect on the venous pressure, which in turn influenced the intracranial pressure. Ressel (1958) showed that the intraventricular pressure in dogs was reduced during controlled respiration by the introduction of a negative pressure in expiration. This reduced the peripheral venous pressure. It seemed that some of the benefit must come from the adequate oxygenation and removal of carbon dioxide produced by controlling the respiration. This was borne out by the fact that many anesthetists used this technique successfully with positive-atmospheric inflation only; such inflation inevitably produced a rise in the peripheral venous pressure (Brecher, 1953) .
Dr. A. J. H. Hewer (London) suggested to Dr. Hunter that by using muscle relaxants he was producing a pooling of blood in the muscles of the dependent limbs and that a similar effect was produced in induced hypotension except that the pooling took place outside the muscles.
Whereas his method might be more satisfactory in difficult cases where quiet respiration was hard to achieve, whenever the same effect could be produced with ganglioplegic drugs which did not interfere with spontaneous respiration this method was preferable. With regard to Dr. Hunter's remarks about the relative unimportance of spontaneous respiration, he was certain that even in surgery of the cortex and higher centres of the brain valuable warning of impending cerebral ischaemia was often given by a change in the pattern of respiration. Dr. B. H. Smith (Birmingham) said that in his experience a method of anesthesia making use of controlled respiration, using a respirator which gave a negative pressure expiratory phase, produced the best results for most nelrosurgical procedures. In particular, the improved operating conditions had enabled the neurosurgeons with whom he worked to perform the majority of their posterior fossa craniotomies with the patients in' the prone position instead of, as formerly. in the sitting posture. This had reduced the danger of air embolism.
The chief requirements of a neurosurgeon from his ariesthetist were minimal bleeding and as low an intracranial tension as possible. To help reduce bleeding, he used phenacylhomatropinium chloride (Trophenium) to produce controlled hypotension when controlled respiration was also being used. This had been deprecated on the grounds that both automatic ganglion blockade and controlled respiration reduced cardiac venous return but, provided the blood lost was replaced, cardiac output remained adequate.
The respiratory pattern which the respirator was set to deliver was critical if optimum operating conditions were to be obtained. The respiratory rate was set to 10-12 per minute, with the inspiratory phase occupying 1 second, and the expiratory phase 4-5 seconds. A negative pressure of -5 cm of water was applied during expiration. In a well-relaxed healthy patient with a reasonably high pulmonary compliance, inflation pressures of 10-16 cm of water were adequate to give a tidal volume of 500-600 ml, and a minute volume of about 6 litres. This might appear rather low, but was sufficient to oxygenate the patient and eliminate carbon dioxide. The mean intrapulmonary pressure was negative, with consequently good cardiac venous return, absence of venous congestion, and low intracranial tension.
He confirmed, however, that the lowering of intracranial tension conferred by controlled respiration was fractional when compared with that produced by Urevert.
Controlled respiration was also of value in explorations of the spinal cord for, whether the prone or lateral position was used, tidal exchange was diminished if a method of anesthesia making use of spontaneous breathing was employed. The use of controlled respiration in the prone position allowed adequate pulmonary ventilation to be maintained, and good relaxation saved a great deal of retraction of the deep muscles of the back, thus appreciably shortening the operation.
Dr. Ian Jackson asked Dr. Hunter if permanent damage to the medullary centres could occur by reflex arterial spasm brought about by manipulation of cerebral arteries during surgery. Evidence of spasm could be masked by controlled respiration. He instanced a case of a 12-yearold boy who stopped breathing each time manipulation of his aneurysm occurred, pulse and blood pressure remaining unchanged. The operation was completed in a series of short bursts of surgery, allowing time for normal respiration to be re-established between each phase of dissection. He wondered if permanent damage might not have been done had prolonged apnoea been masked by controlled respiration.
Dr. Sheila Anderson (London) felt there was very little place for controlled ventilation in neurosurgery, particularly when surgery in the posterior fossa was carried out in the sitting position. She asked Dr. Inglis if he had experienced a rise in systolic blood pressure after the administration of urea. She had noticed on more than one occasion that when the urea had been run in too fast (40 g in under ten minutes) a marked rise in systolic blood pressure, from 120 to 190 mm Hg, had occurred within two or three minutes of completing the infusion.
Dr. Inglis replied that he had not noticed any specific marked rise following rapid infusion of intravenous urea but that at the beginning of any craniotomy where infiltration of the scalp with adrenaline or nor-adrenaline was practised by the surgeon transient rises of systolic blood pressure were sometimes seen. Since this period coincided with the admninistration of urea the observed rises might be purely coincidental.
Dr. Olive Jones (Oxford) said that the methods advocated by both speakers had been employed in the Neurosurgical Department at Oxford. The use of intravenous urea had resulted ia very marked shrinkage of the brain and good access to the lesion, but there appeared to be more than average bleeding during the reflection of the bone flap. Controlled respiration reduced the bleeding considerably in the opening stages of the operation, but the brain shrinkage was very much less than when urea was used. This might be a recommendation to combine the two methods to improve operating conditions. Dr. Hunter, in reply, said that straining during anesthesia was manifest as an expiratory contraction of the flat muscles of the abdomen. In its extreme form there was frank coughing or bucking; a less intense form was often wrongly ascribed to bronchospasm but was in fact merely an expression of compression of the lungs and bronchi by the forceful contraction of the expiratory muscles which displaced the viscera and diaphragm up into the chest. Most commonly, however, the only sign of straining was a minor contraction of the flat muscles of the abdomen in expiration which would be detected only if a palpating hand was placed on the flank as the patient breathed.
Such straining was probably the response to the presence of an endotracheal tube and was, as Dr. Ballantine suggested, preventable by a topical tracheal anesthesia with lignocaine. Unfortunately, however, many intracranial operations lasted longer than the period of action ofthis drug, even when adrenaline was added to it, with the result that straining of a mild degree developed after some two hours. Halothane abolished this form of straining more effectively than any other supplement to nitrous oxide and oxygen though at the cost of some increase in the cerebral blood flow and therefore an increase in the brain bulk. Dr. Hunter had in fact used halothane in this way previously. Controlled respiration, however, abolished the straining without any increase in intracranial pressure and was therefore more satisfactory.
It was true that the employment of controlled respiration for intracranial surgery involved the loss of the signs afforded by the changes in respiration produced by surgical stimulation. These were of value mainly during procedures in the posterior fossa particularly when it was doubtful how far a tumour extended into the brain-stenm.' In consequence he did not use controlled respiration in such cases. In the supratentorial compartment of the skull, however, even in the third ventricle area, the appearance of respiratory upset as the result of surgical stimulation tended to indicate that irreparable damage had already been done. Loss of the respiratory signs was thus not of the same importance, as the patient's safety depended rather on an appreciation by the surgeon of the limits beyond which he might not trespass. These had now been fairly clearly defined and he had not for many years. now seen a case of hypotension, tachycardia, and hyperthermia of hypothalamic origin, like those reported in 1952 (Proc. R. Soc. Med., 45, 427) .
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